A new approach to search for free neutron-antineutron oscillations using coherent neutron propagation in gas.
Neutron-antineutron (n−n) oscillations would violate the conservation law so far observed for baryon number by two units. Sensitive searches for processes that violate the conservation of baryon number B such as proton decay and n −n oscillations and also processes that violate lepton number (L) conservation have long been of fundamental interest due to the many implications such a discovery would imply for particle physics and cosmology . Cosmological arguments which use the Sakharov criteria [2] to generate the baryon asymmetry of the universe starting from a B = 0 condition require B violation.
From this point of view there is an important distinction between ∆B = 1 and ∆L = 1 processes such as in the simplest mode for proton decay p → π 0 e + and ∆B = 2 processes like n −n oscillations. This is because there is a nonperturbative quantum field tunneling process allowed in the Standard Model in the electroweak sector which violates both B and L but conserves the difference B − L. Although this tunneling amplitude is exponentially suppressed in the present phase of the universe, at early times in the Big Bang theory corresponding to the electroweak phase transition, these thermally-activated B and L violating amplitudes (called sphaelerons) can be excited and can efficiently erase a baryon asymmetry generated above the electroweak scale and conserving B − L, such as p → π 0 e + , by simply converting B to L. A baryon asymmetry generated by a ∆B = 2 and ∆L = 0 process like n −n oscillations, however, cannot be erased in this way. It is therefore scientifically important to pursue experimental searches for both modes of B violation as they have the potential to give us information on the mechanism for the generation of the baryon asymmetry of the universe.
The experimental prospects for improving the sensitivity of searches for n −n oscillations by about a factor of 1000 in the transition probability using existing technology has recently attracted renewed theoretical attention to this process. Many theoretical models possess ∆B = 2 processes leading to n −n without giving proton decay in the most popular ∆B = 1 channels [23-26, 29, 30, 34, 36, 38] . A class of models called post-sphaleron baryogenesis (PSB) [36] can generate the baryon asymmetry below the electroweak scale. In combination with constraints on other consequences of the model from the Large Hadron Collider, a null search for n −n oscillations in a sensitive future experiment can rule out PSB models operating in the light quark sector. Such a null experimental result would greatly strengthen the present theoretical expectation that an understanding of electroweak sphaleron physics is required to explain the baryon asymmetry within the Sakharov paradigm. We argue that such a conclusion would alone constitute a highly nontrivial contribution to cosmology.
Experimental searches for ∆B = 2 processes involving neutrons have been conducted both by searching for antineutron appearance in a free neutron beam and through energy release in underground detectors from antineutron annihilation from oscillating neutrons bound inside nuclei [9, [41] [42] [43] [44] [45] [46] . The possibility of n −n oscillations has also inspired several other recent investigations in both theory and experiment. Both the SuperK [47] and SNO [48] collaborations have presented new analyses constraining ∆B = 2 processes. The future possibility of more sensitive B violation searches in underground detectors such as Dune [49] and HyperK [50] has motivated new work onnA dynamics [51] to better understand the complicated final states produced inn annihilation in nuclei. The internuclear suppression factor for antineutron annihilation in 40 Ar has been calculated for the first time [52] .
Recently lattice gauge theory calculations of ∆B = 2 matrix elements have shown [53] that the expected event rate for neutron-antineutron oscillations is between one to two orders of magnitude higher than previous estimates using MIT bag model wave functions. Observation of n −n would tightly constrain CPT violation in the nucleon sector [54] within the framework of the widely-used effective field theory for CPT/Lorentz violation known as the Standard Model Extension [55] . n −n searches can constrain long-range gauge fields coupled to B −L and help improve present constraints from tests of the equivalence principle [56, 57] . In combination with experimental data from other sectors, an observation of n −n oscillations can imply that the neutrino is a Majorana particle [54, 58] . Recent theoretical studies [39, [59] [60] [61] [62] [63] have clarified the subtleties involved in properly understanding the discrete symmetry transformations of a composite strongly interacting bound system like the n. Initial investigations for the phenomonology of n −n conversion, a newly-proposed ∆B = 2 process, has been described [58, 63] . Signals which can be attributed to n -mirror n oscillations [64, 65] seen in experiments [66] [67] [68] [69] using Ultra Cold Neutrons (UCNs) [70, 71] motivate several ongoing studies [72] . The limits of the so-called quasifree condition for the evolution of the n/n amplitudes in external magnetic fields [73] [74] [75] have been investigated in greater depth. All of these developments in theory and experiment show that any idea for improving the sensitivity for n −n oscillation experiments is of general interest to the physics community.
Free neutron oscillation searches conducted to date have been designed so that the neutrons avoid interactions with matter and external fields. The motivation behind this strategy was to minimize the energy difference ∆E between the neutron and antineutron states during the observation time t. In practice even the best magnetic shielding still leaves a large enough residual magnetic field that ∆E ≫ ε, where ε is the off-diagonal mixing term in the effective Hamiltonian for the n/n two-state system. Still the oscillation rate is not greatly suppressed if t is short compared to ∆E/h, whereh is the reduced Planck constant. In this so-called "quasifree" regime, the relative phase shift between the n andn states, e −i∆Et/h , is small enough that the oscillation probability still grows quadratically with t and therefore the sensitivity of the measurement is not compromised.
We recently showed [76, 77] that one could also conduct a sensitive n −n experiment in which one allows the freely propagating n/n of meV energies to reflect from n/n optical mirrors between the neutron source and the antineutron detector. Most previous work operated under the misconception that the antineutron interaction with matter was dominantly incoherent and suffered a large phase shift that would destroy the coherent accumulation of the antineutron appearance amplitude and therefore suppress the sensitivity of the experiment.
We showed by contrast that the probability of coherent reflection of n/n from matter can be high and the relative phase shift can still be small enough to meet the quasifree condition.
The value of this observation lies in the possibility of significantly increasing the neutron observation time, and therefore significantly increasing the experimental sensitivity as well as in the additional flexibility that it can give for the optimization of the experiment with sufficient knowledge of the low energy antineutron-nucleus interaction. For slow neutrons then coherent scattering amplitude comes from a single s-wave scattering length whose real and imaginary parts can be calculated within a phenomenological model [78] reflecting a simple geometrical picture ofnA annihilation. The strongn absorption on the nuclear surface means that the real part of the scattering amplitude is very close to the nuclear size plus the nuclear skin thickness, and the imaginary part of the scattering amplitude is approximately the same for all nuclei. This relative simplicity of the low energy antineutron interaction with nuclei combined with the existing experimental data on antinucleon interactions can constrain the antineutron-nucleus optical potential to sufficient accuracy to allow an intelligent choice of the mirror material to be made for such an experiment.
In this work we point out another option for the realization of a free n −n experiment which exploits the coherence of antineutron forward scattering in a gas rather than the coherence of antineutron reflection from a mirror. We show that one can in principle operate a free n −n experiment in a magnetic field that can be much larger than employed in past searches if one also introduces gas in the neutron path whose pressure and composition is chosen so that the difference in the neutron and antineutron optical potential V n,opt − Vn ,opt in the gas cancels the difference 2µB in the neutron and antineutron potential energies in the magnetic field well enough that the quasifree condition is still maintained. We show that such a choice is possible for realistic values of the neutron and antineutron optical potentials in matter and that the additional attenuation of the neutron beam through the gas and the effects of the incoherent interactions of the neutrons with the gas can be acceptably small for the experiment. Similar to our previous work, the value of this observation lies in the additional flexibility that it can give for the optimization of the experiment. In particular it makes it possible to imagine conducting the experiment in a much larger residual magnetic field than used in past searches, thereby relaxing one of the most severe technical requirements for the experiment. The practical implementation of this idea requires a degree of understanding of the low energy antineutron-nucleus interaction comparable in accuracy to that needed for the mirror reflection idea.
Similar to the case of the coherence of the antineutron mirror reflection mentioned above and discussed in our previous paper, we suspect that the reason this possibility has not been noted in the past is probably based on a misconception of the neutron optical coherence of forward scattering in a gaseous medium. The main issue of confusion is related to the treatment of decoherence due to elastic scattering at zero angle from a gas of free particles.
For low energy neutrons the coherence in forward neutron scattering through materials is very well established both by theory and experiment (see, for example [79, 80] and references therein), and the concept of the forward index of refraction is well known to operate as expected in the case of neutrino oscillations in matter through the MSW mechanism that theoretically explained the physical mechanism behind the solar neutrino deficit [81, 82] . Still the coherence in scattering from a low density medium such as a gas for neutron-antineutron oscillations still seems nonintuitive.
The latest example of this type of controversy occurred in the atomic physics literature when atom interferometers started to be used to measure atom-atom scattering amplitudes using the phase shift from the optical potential of the gaseous target medium. The misconception seems to come from a mistaken idea that views the scattering of the projectile from an atom in the gas in terms of a simple classical two-body collision that, one would think, must change the energy and momentum of both the projectile and the target and necessarily generates decoherence. For forward scattering this view of the physics is simply incorrect.
For a clear discussion of the coherence during propagation of atoms through a gas of free atoms which was motivated in part to address the confusion in the atomic physics literature referred to above, we refer to the recent paper [83] . Space precludes us from presenting the full argument for the calculated decoherence rate in a gas which rigorously justifies the usual optical potential treatment even in the limit of a low density medium. The key point is that the projectile must avoid the cross sections of all the gas atoms in order to remain coherent after passing through the gas sample. It is possible for a projectile to do so and still acquire a large phase shift as the phase shift depends linearly on the strength of the interaction potential, whereas the cross section depends quadratically on the strength. It is small impact parameters that contribute to the cross section, and large impact parameters that contribute to the phase shift, and it is at large impact parameters, when scattering is avoided, that the phase shift is linear in the interaction strength and the cross section is quadratic in the interaction strength, so the phase accumulates much faster than decoherent scattering occurs. The arguments of this paper also apply to the short-range interactions involved in neutron-atom scattering and the usual results of coherent neutron optics are reproduced: the elastic forward scattering of low energy particles which interact by short range forces is a coherent process and can be described by the refractive index of the particle in a gas of atoms (in materials, for neutrons). Since low energy antineutrons have the same range of interactions as neutrons, we can apply neutron optics theory for the propagation of antineutrons in gases as well.
To describe coherent propagation of slow neutron / antineutron in gases we can use the similarity between low energy neutron scattering and light scattering on transparent objects in optics. The value of the neutron wave index of refraction can be written as
where N i is the number of nuclei of type i per unit volume, k is the neutron wave number, m is neutron mass, and f i is the neutron elastic forward scattering amplitude on an type-i nucleus.
In our case, it is convenient to use the neutron Fermi potential which is directly related 6 to the refractive index [84] [85] [86] 
For slow neutrons in the absence of resonances, the expression for the Fermi potential in terms of neutron coherent scattering lengths b i becomes
Lets use this Fermi potential to describe neutron -antineutron oscillations for neutron propagation in gases in the presence of a magnetic field B. The mixing matrix for this case can be written as
where δm is a free neutron-antineutron mixing parameter, µ n is neutron magnetic moment, and V n and V n are Fermi potentials for neutron and antineutron, correspondingly. The 
with tan(2θ) = 2δm
This leads to the probability to find an antineutron at time t starting from an initial pure neutron state at time t = 0 as P nn (t) = sin 2 (2θ) sin 2 (∆Et/2),
where ∆E = (2 µ n · B − V n + V n ) 2 + 4(δm) 2 1/2 . 
for scattering on a nucleus with atomic number A, and most scattering lengths are positive.
It should be noted that this behavior for the absolute values of b nA is in very good agreement with optical model calculations (see [87, 88] and references therein). What is more important for our case, it was shown [89] that increasing the value of the imaginary part of the optical potential, which corresponds to increasing the neutron absorption, leads to a smoother behavior of b nA around the value of nuclear radius with smaller fluctuations. This fact justifies a similar approximation for the theoretically predicted values of antineutron
which was used in [77] . Unfortunately, there are no experimental measurements of b nA .
Therefore, eq.(10) gives us only an estimate of the modulus of b nA . If we consider only the long range nucleon-nucleon interactions, which are related to one-pion exchange for the calculation of the scattering lengths, using the fact that one-pion nucleon exchange interactions for neutrons and antineutrons have different signs due to G-parity conservation in strong interactions, one can guess that b nA may have a different sign than b nA in the same nucleus. This speculation is in qualitative agreement with the results of recent calculations of antinucleon-nucleon interactions in chiral effective field theory [90] , which shows good agreement of the calculated nucleon-antinucleon amplitudes with experimental data.
Based on these estimates we can see that the Fermi potentials ∆V = V n − V n can be of the order of the Fermi potential of the neutron scattering, if the scattering lengths b nA and b nA have the opposite signs, or, for the case of the same signs |V n − V n | ≪ |V n |. for atmospheric pressure V n = 7.5 · 10 −11 eV . For comparison, the value of the magnetic energy | µ n · B| = 6 · 10 −17 eV for the magnetic field B = 10 −9 T . Therefore, taking into account that the values V n and V n for a gas mixture are just the sums of corresponding optical potentials of the particular gases and that they are proportional to the density of these gases, one can reduce or even to zero the value of parameter
that suppresses the oscillation rate in eqs. (6) and (8) by creating a gas mixture and applying the appropriate uniform magnetic field. This is the main result of this paper. For example, choosing gases with a small slow neutron absorption like para-hydrogen and 4 He, which have opposite signs for neutron scattering lengths, we can zeros the value of S, which for He-H case is:
by adjusting three parameters: the density of parahydrogen, the density of helium, and the value of the residual magnetic field. The choice of these gases composed of light nuclei gives an additional advantage: the possibility theoretically calculate the antineutron scattering lengths. The antineutron scattering length calculation is also easier for nuclei like 12 C and 16 O, which opens up several additional choices for the gas mixture.
The statistical accuracy of the experiment compared to one with no gas is only slightly lowered as in the regime of gas densities and magnetic fields of interest for slow neutron n − n experiments the contribution from even the antineutron absorption on the nuclei of the gas atoms is small for the practical case of a slow neutron traveling 100 meters from the source to an antineutron detector. The neutron and antineutron scattering cross sections are smaller than the antineutron absorption cross sections, and the incoherent scattering from the gas at finite temperature would make a small contribution to the background in the antineutron detector compared to other sources. Note that this absorption does place a practical upper bound to the gas density. As there is a theoretical uncertainty in the knowledge of the antineutron-nucleus scattering length and also a smaller but nonzero uncertainty in the experimental knowledge of the neutron-nucleus scattering lengths, it will not be practical to tune the neutron-antineutron optical potential difference exactly to zero by this method. However one can reduce this energy difference enough that the neutron antineutron transition probability meets the so-called quasifree condition δET ≤h where T is the observation time in the experiment. Note that one can measure easily the line integral of the magnetic field B along the neutron trajectories in a slow neutron beam n − n experiment by polarizing the neutrons and using the neutron spin rotation angle as a magnetometer, as was done successfully in the last free neutron experiment at the ILL.
In order to avoid the loss of half of the neutrons having initially opposite polarization, it is necessary to divide the initial beam into two parts and flip the neutron spin in one of them.
This paper shows that despite the common belief that the presence of gases and residual magnetic field suppress the probability of neutron-antineutron oscillations, the proper choice of the gas mixture and magnetic field can actually help a free neutron-antineutron oscillation experiment realize the free oscillation rate. In practice we expect that the main value of the possibility of operation of the experiment in this mode would be to relax some of the more difficult/expensive experimental conditions, especially the demand for a very small magnetic field. One still must ensure that the magnetic field does not vary significantly in 
